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In this work, we assess the accuracy of dielectric-dependent hybrid density functionals and many-
body perturbation theory methods for the calculation of electron affinities of small water clusters,
including hydrogen-bonded water dimer and water hexamer isomers. We show that many-body
perturbation theory in the G0W0 approximation starting with the dielectric-dependent hybrid func-
tionals predicts electron affinities of clusters within 0.1 eV of the coupled-cluster results with single,
double, and perturbative triple excitations.
The calculation of electron affinities of aqueous sys-
tems is a difficult task, due to the high level of theory
required to describe the electronic properties of anions
and the need to achieve a tight convergence as a function
of numerical parameters. Here we focus on the water
dimer and hexamer and we present results for their elec-
tron affinity computed using density functional theory
(DFT), many body perturbation theory (G0W0) and the
CCSD(T) method. The purpose of our work is to estab-
lish the accuracy of many-body perturbation theory cal-
culations, starting from dielectric-dependent hybrid and
semi-local density functionals.
Density functional calculations were carried out using
the quantum espresso code1 with a plane-wave cut-
off of 85 Ry and Hamann–Schlu¨ter–Chiang–Vanderbilt
(HSCV) pseudopotentials;2,3 many-body perturbation
theory calculations in the G0W0 approximation were per-
formed with the west code.4 All calculations were per-
formed in unit cells with size of 21.17 A˚ (40 a.u.); our
computed energies varied by less than 0.01 eV when
the cell size was increased to 31.75 A˚ (60 a.u.). In
order to correct for spurious interactions between pe-
riodic images in plane-wave calculations, total energies
and eigenvalues were computed using the Makov–Payne
correction.5 Using Martyna–Tuckerman long-range inter-
action corrections6 instead of the Makov–Payne scheme
did not change our results in any noticeable way. We
checked that the electron affinities were converged with
respect to the energy cutoff within 0.001 and 0.005 eV
when computed as total energy differences or lowest un-
occupied molecular orbital (LUMO) energy, respectively.
Quasiparticle energies were computed using the west
code. We tested the convergence of G0W0 quasiparti-
cle LUMO energies with respect to the number of eigen-
potentials NPDEP, and extrapolated our results to the
infinite eigenpotential limit.7 Prior to this analysis, we
verified that the quasiparticle energies were converged
within 0.01 eV in the unit cell with the size of 21.17 A˚,
at the maximum number of eigenpotentials employed in
this work (512). We then computed quasiparticle ener-
gies of the lowest unoccupied state using G0W0/PBE at
several NPDEP values, and fit the results to the func-
tion a + b/NPDEP, where b represents the G0W0 en-
ergy in the limit NPDEP → ∞. The results denoted by
“∞” in Table I indicate the extrapolated quasiparticle
energies for the LUMO energy. All G0W0 calculations
were performed with 256 eigenpotentials and corrected
by the difference between the energies obtained at ∞
and NPDEP = 256 (−0.03 eV for the dimer and −0.15 eV
for the hexamer). All the G0W0 values reported in this
work include these corrections.
The reference method chosen for benchmarking our re-
sults is the coupled cluster with singles, doubles, and per-
turbative correction for triples [CCSD(T)]. Coupled clus-
ter calculations were performed using the gaussian 09
program9 with tight convergence criteria for both the
Hartree–Fock and CCSD iterative procedures. The accu-
racy of two-electron integrals was set to the 10−16 thresh-
old (Acc2E=16 keyword) to improve convergence when
using very diffuse basis sets. In all cases, we performed
stability calculations on converged Hartree–Fock wave-
functions to ensure the algorithm determined a minimum
of the total energy and not a saddle point.
When computing electron affinities as differences of the
TABLE I. Convergence of the G0W0/PBE quasiparticle en-
ergy of the lowest unoccupied state εLUMO as a function of the
number of eigenpotentials NPDEP for the hydrogen-bonded
water dimer and the book isomer of the water hexamer. The
symbol ∞ denotes the value obtained by linear extrapolation
using the function a + b/NPDEP (see text), and represents a
fully converged G0W0/PBE result. All values are in eV.
εLUMO, eV
NPDEP Dimer Hexamer
150 0.74 0.52
192 0.72 0.42
256 0.71 0.39
320 0.71 0.36
512 0.70 0.33
...
∞ 0.68 0.24
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2TABLE II. Convergence of the calculated electron affinities of the hydrogen-bonded water dimer with respect to the basis
set size used in gaussian calculations, and comparison with the plane-wave results. The ∆SCF values were computed as
Eneutral−Eanion, where E is the total energy. All values are in eV. The water dimer geometry has been taken from the S22 set8
and is a neutral hydrogen-bonded dimer optimized at the CCSD(T)/cc-pVQZ level of theory without counterpoise correction.
Basis set PBE PBE0
Type Size ∆SCF −εLUMO ∆SCF −εLUMO CCSD(T)
Gaussian/DZ
aug-cc-pVDZ −0.22 1.27 −0.33 0.62 −0.499
d-aug-cc-pVDZ 0.12 1.28 0.06 0.66 −0.070
t-aug-cc-pVDZ 0.24 1.28 0.13 0.66 −0.005
q-aug-cc-pVDZ 0.31 1.28 0.18 0.66 0.0040
5-aug-cc-pVDZ 0.33 1.28 0.20 0.66 0.0048
6-aug-cc-pVDZ 0.34 1.28 0.21 0.66 0.0051
Gaussian/TZ
aug-cc-pVTZ −0.14 1.26 −0.24 0.62 −0.385
d-aug-cc-pVTZ 0.13 1.26 0.07 0.64 −0.055
t-aug-cc-pVTZ 0.23 1.26 0.13 0.64 −0.003
q-aug-cc-pVTZ 0.30 1.26 0.18 0.64 0.0046
Plane-wave 85 Rya 0.32 1.25 0.19 0.65 —
a Results are converged with respect to the kinetic energy cutoff to within 0.001 eV for ∆SCF energy differences and 0.005 eV for
LUMO energies.
total energies of the anion and neutral species, the size
of the basis set, particularly the inclusion of diffuse basis
functions with low exponents, plays a crucial role. This
is especially important for water, since an extra electron
is significantly delocalized, and the electron affinity is
close to zero. We tested the completeness of the ba-
sis set using a hydrogen-bonded water dimer. We em-
ployed augmented Dunning basis sets with two (DZ) and
three (TZ) sets of polarization functions, and variable
number of added diffuse shells ranging between 1 and
6. The doubly-, triply-, and quadruply-augmented ba-
sis sets were described in the literature;10 we constructed
basis sets with 5 and 6 sets of diffuse functions following
the recipe of Ref. 10. The 6-aug-cc-pVDZ and q-aug-cc-
pVTZ basis sets employed in this work are listed in the
Appendices B and C in the format suitable for the gaus-
sian code; basis sets with fewer diffuse functions can be
obtained by sequentially removing one or more sets of
outer diffuse basis functions of each type.
We start by discussing the water dimer. Comparing
our DFT and G0W0 results to the reference CCSD(T)
data requires comparison of the results obtained with
plane waves (PW) to those obtained with localized
Gaussian-type orbitals (GTO). In order to do so, we first
compared the electron affinities computed with the PBE
and PBE0 functionals and plane-wave basis set with the
quantum espresso code, with those computed with the
gaussian 09 code. The results, reported in Table II,
show that the ∆SCF values are not particularly sensitive
to the number of polarization functions but are very sen-
sitive to the number of diffuse functions. Namely, values
computed in d-aug-cc-pVDZ and d-aug-cc-pVTZ basis
sets are within 0.01–0.02 eV of each other. On the other
hand, it takes about 5 sets of diffuse functions added to
both double-zeta and triple-zeta basis sets to converge
the differences of total energies within 0.01 eV.
TABLE III. Accuracy of various DFT approximations and
G0W0 calculations starting from PBE and hybrid function-
als, compared to CCSD(T), for the calculations of the electron
affinity of water dimer. Similar to Table II, ∆SCF values for
the electron affinity are defined as Eneutral −Eanion, where E
denotes the total energy. The G0W0 results were corrected by
0.03 eV (negative of the −0.03 eV correction for the quasipar-
ticle energy of the dimer) to extrapolate to the infinite number
of eigenpotentials, as determined in Table I. All values are in
eV.
Approximation ∆SCF −εDFTLUMO −εG0W0LUMO
PBE 0.32 1.25 −0.68
PBE0 0.19 0.65 −0.45
RSH (0.565)a 0.26 0.18 −0.08
RSH (1.0)b 0.38 0.03 0.05
CCSD(T) 0.0051c
a Range-separated functional11 defined with the fraction of the
Hartree–Fock exchange chosen to be the same as for bulk liquid
water (0.565)12 and screening parameter of 0.58.
b Range-separated functional11 defined for finite systems
(fraction of exact exchange equal to 1) and screening parameter
of 0.58.
c Value from Table II computed using 6-aug-cc-pVDZ basis set.
Plane-wave basis set with the cutoff of 85 Ry provides
an almost complete basis-set limit for the electron affini-
ties, as shown by the comparison of the results obtained
using the largest GTO and PW basis sets. This implies
that (i) the protocol for computing the total energies
for water clusters in plane waves, including the finite-
size correction of Makov–Payne,5 is reliable for the sys-
tems studied here; and (ii) the basis sets chosen here will
provide accurate representation of the anions for bench-
marking our DFT and GW methods against the coupled-
3TABLE IV. Convergence of CCSD(T) electron affinities for a
series of hexamers with respect to the basis set size. All values
were computed as differences of the total energies Eneutral −
Eanion and are reported in eV. The geometries of the water
hexamers are shown in Figure 1 and listed in Appendix A.
CCSD(T) electron affinity, eV
Basis set Book Cage Prism Ring
aug-cc-pVDZ −0.087 −0.175 −0.117 0.070
t-aug-cc-pVDZ 0.087 0.049 0.077 0.152
q-aug-cc-pVDZ 0.088 0.050 0.077 0.172
cluster method.
We first checked the convergence of the CCSD(T) cal-
culations with respect to the basis set size for the water
dimer. Our results, reported in the last column of Ta-
ble II, confirmed that quadruply-augmented basis sets
provide essentially converged CCSD(T) electron affin-
ity. Even for triply-augmented basis sets, the error in
∆SCF values is just 0.01 eV. We compared our results to
those of Kim et al.,14 who used TZ(2df ,2pd)+(3s3p,3s)
basis set at the CCSD(T) level of theory and obtained
EA = 0.0044 eV. The TZ(2df ,2pd)+(3s3p,3s) basis is es-
sentially the same as the cc-pVTZ basis augmented with
3 sets of diffuse s and p functions for oxygen, and 3 sets
of diffuse s functions for hydrogen. Their basis set should
be comparable to, but slightly smaller than the q-aug-cc-
pVTZ basis used here, explaining the similarity of the
value 0.0044 eV obtained in Ref. 14 and our value of
0.0046 eV obtained using the q-aug-cc-pVTZ basis set.
Overall, we consider the value of 0.0051 eV as an accu-
rate CCSD(T) reference value for the electron affinity of
the dimer, which will be used for comparison with our
DFT and MBPT results.
Table III reports the electron affinities computed using
PBE,15,16 PBE0,17 and RSH11 functionals as the differ-
ence of total energies (∆SCF), and as a DFT or G0W0
LUMO energy. We used the RSH functional with two
book cage
ringprism
FIG. 1. Molecular structures for the book, cage, prism, and
ring isomers of the water hexamer employed in this work. The
structures were relaxed for the negatively charged species at
the wB97XD13/aug-cc-pVTZ level of theory. The optimized
geometries are listed in the Appendix A.
different values of the dielectric screening: the same as
used for bulk water12 and the one used for molecules
(i.e. that of vacuum) in the original definition of RSH re-
ported in Ref. 11. Figure 2 summarizes deviations of all
these quantities from the CCSD(T) value. As expected,
the largest errors are found for the DFT LUMO values,
due to the fact that generalized-gradient approximations
such as PBE lack piecewise linearity of the total energy
with respect to the number of electrons N , leading to an
inaccurate approximation of the vertical electron affin-
ity by the LUMO energy.18 ∆SCF calculations yield im-
proved results, as total energies are piecewise linear with
respect to N by construction, and their accuracy is lim-
ited only by the accuracy of a given functional. Electron
affinities from G0W0 calculations are less accurate than
∆SCF results for PBE and PBE0 approximations but are
equally or more accurate than DFT results for RSH func-
tional with different fractions of the exact exchange. This
is likely because the dielectric-constant-dependent func-
tionals have lower self-interaction error than the PBE and
PBE0 functionals, and thus provide a more realistic start-
ing point for G0W0 corrections. We note that DFT ap-
proximations consistently overestimate the electron affin-
ity of the dimer compared to the CCSD(T) value, while
G0W0 yields the wrong sign for RSH (0.565) and a slight
overestimate for RSH (1.0). Overall, deviation of the
G0W0/RSH values from the CCSD(T) reference for the
water dimer is less than 0.1 eV, irrespective of the sign.
In addition to the dimer, we computed the electron
affinities of larger water hexamers shown in Figure 1.
Following the convergence study reported in Table II, we
computed CCSD(T) electron affinities using the q-aug-
cc-pVDZ basis set, which turned out to be converged
within 0.02 eV with respect to the number of diffuse
functions (see Table IV). The results of our analysis for
water hexamers are reported in Table V and Figure 3,
showing trends similar to the dimer for the relative ac-
curacy of various approximations. We found again that
G0W0/RSH protocol is the most accurate, with an aver-
age deviation of the electron affinities from the CCSD(T)
results of only 0.01 eV for RSH (0.565) and of 0.11 eV
for RSH (1.0). Overall, we showed that many-body
perturbation theory calculations coupled with dielectric-
constant-dependent functional RSH predicts the electron
affinities of water clusters within 0.1 eV from the golden
standard of quantum chemistry, CCSD(T).
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Hexamer Functional ∆SCF −εDFTLUMO −εG0W0LUMO CCSD(T)
Book
PBE 0.32 1.48 −0.24
0.088
PBE0 0.23 0.86 −0.14
RSH (0.565) 0.18 0.32 0.09
RSH (1.0) 0.37 0.05 0.20
Cage
PBE 0.29 1.38 −0.33
0.050
PBE0 0.21 0.77 −0.21
RSH (0.565) 0.20 0.25 0.08
RSH (1.0) 0.38 0.05 0.19
Prism
PBE 0.32 1.45 −0.27
0.077
PBE0 0.22 0.83 −0.16
RSH (0.565) 0.17 0.30 0.09
RSH (1.0) 0.38 0.05 0.20
Ring
PBE 0.50 1.85 0.01
0.172
PBE0 0.36 1.19 0.03
RSH (0.565) 0.23 0.52 0.16
RSH (1.0) 0.14 0.08 0.24
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Appendix A WATER HEXAMERS
All molecular geometries are in in xyz format, with the
coordinates given in Angstroms.
18
Book hexamer
O 0.274 1.424 1.149
H 0.301 2.281 1.584
H 1.065 1.395 0.561
O -0.182 -1.395 1.046
H -1.007 -1.426 0.528
H -0.094 -0.465 1.303
O -1.922 1.452 -0.590
H -1.725 2.060 -1.310
H -1.152 1.512 0.006
O -2.533 -1.178 -0.486
H -3.310 -1.150 0.071
H -2.345 -0.235 -0.685
O 2.359 1.101 -0.549
H 2.137 1.586 -1.351
H 2.265 0.152 -0.753
O 2.003 -1.665 -0.565
H 2.686 -1.978 0.028
H 1.187 -1.641 -0.017
18
Cage hexamer
O 0.668 -1.715 -0.324
H 0.888 -2.653 -0.324
H 1.530 -1.248 -0.246
O -0.600 0.461 -1.631
H -1.491 0.364 -1.254
H -0.184 -0.399 -1.455
O 0.704 1.769 0.353
H 0.776 2.712 0.212
H 0.238 1.400 -0.435
O -0.833 -0.335 1.654
H -0.335 0.487 1.561
H -0.312 -0.969 1.129
O 2.829 -0.072 -0.059
H 3.390 -0.383 0.659
H 2.313 0.674 0.286
O -2.928 0.016 -0.061
H -3.279 -0.858 -0.230
H -2.258 -0.115 0.647
18
Prism hexamer
O -1.409 -0.377 1.473
H -2.071 -0.903 1.937
H -0.529 -0.766 1.643
O -1.599 -0.612 -1.295
H -2.396 -1.046 -1.619
H -1.654 -0.691 -0.322
O -0.931 1.906 -0.094
H -1.269 1.374 -0.827
H -1.226 1.389 0.673
O 1.263 -1.095 1.417
H 1.596 -0.202 1.266
H 1.243 -1.449 0.511
5O 1.173 -1.205 -1.425
H 1.471 -0.300 -1.275
H 0.212 -1.123 -1.545
O 1.709 1.371 -0.093
H 2.214 2.175 -0.205
H 0.760 1.640 -0.097
18
Ring hexamer
O -1.228 2.029 0.652
H -1.731 1.307 0.229
H -1.025 1.699 1.538
O -1.145 -2.077 0.650
H -0.962 -1.739 1.536
H -0.268 -2.152 0.228
O 1.159 2.229 -0.654
H 0.294 2.210 -0.185
H 0.953 1.985 -1.557
O 1.351 -2.120 -0.652
H 1.246 -1.819 -1.556
H 1.768 -1.362 -0.183
O 2.374 0.049 0.650
H 1.999 0.845 0.226
H 1.991 0.040 1.536
O -2.512 -0.110 -0.654
H -2.063 -0.850 -0.185
H -2.195 -0.166 -1.556
Appendix B 6-AUG-CC-PVDZ BASIS SET
-H 0
S 3 1.00
13.0100000 0.0196850
1.9620000 0.1379770
0.4446000 0.4781480
S 1 1.00
0.1220000 1.0000000
S 1 1.00
0.0297400 1.0000000
S 1 1.00
0.0072500 1.0000000
S 1 1.00
0.0017674 1.0000000
S 1 1.00
0.0004309 1.0000000
S 1 1.00
0.0001051 1.0000000
S 1 1.00
0.0000256 1.0000000
P 1 1.00
0.7270000 1.0000000
P 1 1.00
0.1410000 1.0000000
P 1 1.00
0.0273000 1.0000000
P 1 1.00
0.0052857 1.0000000
P 1 1.00
0.0010234 1.0000000
P 1 1.00
0.0001981 1.0000000
P 1 1.00
0.0000383 1.0000000
****
-O 0
S 8 1.00
11720.0000000 0.0007100
1759.0000000 0.0054700
400.8000000 0.0278370
113.7000000 0.1048000
37.0300000 0.2830620
13.2700000 0.4487190
5.0250000 0.2709520
1.0130000 0.0154580
S 8 1.00
11720.0000000 -0.0001600
1759.0000000 -0.0012630
400.8000000 -0.0062670
113.7000000 -0.0257160
37.0300000 -0.0709240
13.2700000 -0.1654110
5.0250000 -0.1169550
1.0130000 0.5573680
S 1 1.00
0.3023000 1.0000000
S 1 1.00
0.0789600 1.0000000
S 1 1.00
0.0206000 1.0000000
S 1 1.00
0.0053744 1.0000000
S 1 1.00
0.0014021 1.0000000
S 1 1.00
0.0003658 1.0000000
S 1 1.00
0.0000954 1.0000000
P 3 1.00
17.7000000 0.0430180
3.8540000 0.2289130
1.0460000 0.5087280
P 1 1.00
0.2753000 1.0000000
P 1 1.00
0.0685600 1.0000000
P 1 1.00
0.0171000 1.0000000
P 1 1.00
0.0042650 1.0000000
P 1 1.00
0.0010638 1.0000000
P 1 1.00
0.0002653 1.0000000
P 1 1.00
0.0000662 1.0000000
D 1 1.00
1.1850000 1.0000000
D 1 1.00
0.3320000 1.0000000
D 1 1.00
0.0930000 1.0000000
D 1 1.00
0.0260512 1.0000000
D 1 1.00
0.0072975 1.0000000
D 1 1.00
60.0020442 1.0000000
D 1 1.00
0.0000573 1.0000000
****
Appendix C Q-AUG-CC-PVTZ BASIS SET
-H 0
S 3 1.00
33.8700000 0.0060680
5.0950000 0.0453080
1.1590000 0.2028220
S 1 1.00
0.3258000 1.0000000
S 1 1.00
0.1027000 1.0000000
S 1 1.00
0.0252600 1.0000000
S 1 1.00
0.0062100 1.0000000
S 1 1.00
0.0015267 1.0000000
S 1 1.00
0.0003753 1.0000000
P 1 1.00
1.4070000 1.0000000
P 1 1.00
0.3880000 1.0000000
P 1 1.00
0.1020000 1.0000000
P 1 1.00
0.0268000 1.0000000
P 1 1.00
0.0070416 1.0000000
P 1 1.00
0.0018502 1.0000000
D 1 1.00
1.0570000 1.0000000
D 1 1.00
0.2470000 1.0000000
D 1 1.00
0.0577000 1.0000000
D 1 1.00
0.0134789 1.0000000
D 1 1.00
0.0031487 1.0000000
****
-O 0
S 8 1.00
15330.0000000 0.0005080
2299.0000000 0.0039290
522.4000000 0.0202430
147.3000000 0.0791810
47.5500000 0.2306870
16.7600000 0.4331180
6.2070000 0.3502600
0.6882000 -0.0081540
S 8 1.00
15330.0000000 -0.0001150
2299.0000000 -0.0008950
522.4000000 -0.0046360
147.3000000 -0.0187240
47.5500000 -0.0584630
16.7600000 -0.1364630
6.2070000 -0.1757400
0.6882000 0.6034180
S 1 1.00
1.7520000 1.0000000
S 1 1.00
0.2384000 1.0000000
S 1 1.00
0.0737600 1.0000000
S 1 1.00
0.0228000 1.0000000
S 1 1.00
0.0070477 1.0000000
S 1 1.00
0.0021785 1.0000000
P 3 1.00
34.4600000 0.0159280
7.7490000 0.0997400
2.2800000 0.3104920
P 1 1.00
0.7156000 1.0000000
P 1 1.00
0.2140000 1.0000000
P 1 1.00
0.0597400 1.0000000
P 1 1.00
0.0167000 1.0000000
P 1 1.00
0.0046684 1.0000000
P 1 1.00
0.0013050 1.0000000
D 1 1.00
2.3140000 1.0000000
D 1 1.00
0.6450000 1.0000000
D 1 1.00
0.2140000 1.0000000
D 1 1.00
0.0710000 1.0000000
D 1 1.00
0.0235561 1.0000000
D 1 1.00
0.0078153 1.0000000
F 1 1.00
1.4280000 1.0000000
F 1 1.00
0.5000000 1.0000000
F 1 1.00
0.1750000 1.0000000
F 1 1.00
0.0612500 1.0000000
F 1 1.00
0.0214375 1.0000000
****
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FIG. 2. Deviations of the electron affinities (EA) computed as ∆SCF values (Eneutral − Eanion), and negatives of the DFT
LUMO energies and G0W0 quasiparticle energies, from the CCSD(T) value for the water dimer. The bars represent differences
between the DFT or G0W0 values reported in Table III from the reference CCSD(T) EA energy of 0.0051 eV. The PBE, PBE0,
and RSH functionals are defined in Refs. 15, 17, and 11, respectively. The number within brackets for the RSH functional is
the value of the dielectric screening (see text).
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FIG. 3. Average deviations of electron affinities computed as ∆SCF values (Eneutral − Eanion), and negatives of the DFT
LUMO energies and G0W0 LUMO energies from CCSD(T) values for the four water hexamers reported in Table V. The bars
represent average differences between the DFT or G0W0 results from the reference CCSD(T) EA energies reported in Table V.
The PBE, PBE0, and RSH functionals are defined in Refs. 15, 17, and 11, respectively. The number within brackets for the
RSH functional is the value of the dielectric screening (see text).
